To critically evaluate whether the adenosine A 2A receptor (A 2A R) plays a role in postnatal refractive development in mice. METHODS. Custom-built biometric systems specifically designed for mice were used to assess the development of relative myopia by examining refraction and biometrics in A 2A R knockout (KO) mice and wild-type (WT) littermates between postnatal days (P)28 and P56. Ocular dimensions were measured by customized optical coherence tomography (OCT), refractive state by eccentric infrared photorefraction (EIR), and corneal radius of curvature by modified keratometry. Scleral collagen diameter and density were examined by electron microscopy on P35. The effect of A 2A R activation on collagen mRNA expression and on soluble collagen production was examined in cultured human scleral fibroblasts by real-time RT-PCR and a collagen assay kit. RESULTS. Compared with WT littermates, the A 2A R KO mice displayed relative myopia (average difference, 5.1 D between P28 and P35) and associated increases in VC depth and axial length from P28 to P56. Furthermore, the myopic shift in A 2A R KO mice was associated with ultrastructural changes in the sclera: Electron microscopy revealed denser collagen fibrils with reduced diameter in A 2A R KO compared with WT. Last, A 2A R activation induced expression of mRNAs for collagens I, III, and V and increased production of soluble collagen in cultured human scleral fibroblasts.
M yopia, the most common refractive defect in humans, is increasing significantly in prevalence and severity in many parts of the world. [1] [2] [3] Although low degrees of myopia cause impaired visual acuity that can be addressed with corrective lenses, higher degrees of myopia can lead to permanent visual impairment or blindness and can increase susceptibility to a range of ocular complications, such as glaucoma, retinal degeneration, and choroidal neovascularization. 4 -7 Although the precise mechanism underlying the developmental regulation of myopia remains to be determined, various neuromodulators and hormone factors, including TGF-␤, 8 -10 dopamine, 11 and retinoic acid, 12 have been shown to play central roles in myopia and vision development. Development of myopia is at least partially attributable to excessive increases in axial length and marked changes in the sclera. 13 Scleral thinning and tissue loss occur rapidly during myopia's development. 14 In animal models of myopia, sclera thinning is associated with net loss of matrix, smaller diameter collagen fibrils in the sclera, and reduced collagen production. 14 -17 We hypothesized that the adenosine A 2A receptor (A 2A R) plays an important role in postnatal refractive development in mice by controlling collagen synthesis in scleral fibroblasts. The extracellular adenosine level in mammalian retina is regulated by light/dark conditions, 18 an important component of the visual signal that contributes to eye growth control and possibly to development of myopia. 19 -22 A 2A Rs are expressed in ocular tissue, including in the ciliary processes, retina, retinal pigment epithelium, choriocapillaris, and scleral fibroblasts. 23, 24 Of interest, A 2A R activity can modulate collagen synthesis and extracellular matrix production in various cell types and tissues. For example, the A 2A R agonist CGS21680 dose dependently increases collagen production in cultured human hepatic stellate cells 25 and promotes tissue repair, wound healing, and matrix production in skin in vivo. 26, 27 Conversely, genetic deletion or pharmacologic blockade of A 2A Rs attenuates the fibrogenic process in liver 28 and skin. 29 Together, these studies raise the interesting possibility that A 2A R activity influences the development of myopia by modulating collagen synthesis in the sclera.
In this study, we used A 2A R KO mice and custom-built biometric systems specifically designed for mice to critically evaluate the role of A 2A R in development of relative myopia at refractive and biometric levels, and we used electron microscopy to examine the ultrastructure. We detected a greater myopic shift, increased vitreous chamber depth and axial length, and reduced scleral collagen fibril diameters in A 2A R KO mice than in their wild-type littermates. In addition, we found that A 2A R activation increases expression of mRNAs for collagens I, III, and V and soluble collagen production in cultured human fibroblasts. Together, these results provide the first evidence that the A 2A R plays a role in controlling postnatal development of myopia in mice.
MATERIALS AND METHODS

Animals
The treatment and care of animals was conducted according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the protocol for handling animals was approved by the Animal Care and Ethics Committee at Wenzhou Medical College (Wenzhou, China). A 2A R KO mice were generated by Chen et al., 30 originally in the mixed C57BL/6 background and more recently in a congenic C57BL/6 background which significantly reduces the potential confounding effect of genetic background. 31, 32 In this study, heterozygous female mice were mated with heterozygous males so that both A 2A R KO and WT littermates were generated from the same breeding pairs. The genotypes of the mice were determined by PCR analysis of tail DNA, as described previously. 31, 32 
Biometric Measurements
Biometric measurements, including corneal radius of curvature, refractive state, and ocular dimensions, were taken once per week from postnatal day (P)28 to P56. These measurements were performed by a research optometrist who was blind to the genotypes of the mice.
Keratometry.
Corneal curvature was measured with a keratometer (OM-4; Topcon, Tokyo, Japan) which was modified by mounting a ϩ20.0-D aspherical lens. A group of stainless-steel ball bearings with diameters ranging from 2.0 to 3.98 mm were used for calibration. The corneal radius of curvature measured in the mice was then deduced from the readings on the balls with known radii. 33 Each eye was measured three times to obtain a mean value.
Refraction and Pupil Size. Refractive state and pupil size were measured in a darkened room with an eccentric infrared photorefractor (EIR). 33, 34 Briefly, the mouse was gently restrained by grabbing its tail and positioning it on a small stage in front of the photoretinoscope. The position of the stage was swiftly adjusted until a clear first Purkinje image was seen in the center of the pupil, meaning an on-axis measurement. The data were then recorded by using software designed by Schaeffel et al. 34 Measurements were repeated at least three times for each eye.
Ocular Dimensions. Ocular dimensions, including anterior chamber (AC) depth, lens thickness, vitreous chamber (VC) depth, and axial length (AL), were measured by real-time optical coherence tomography (a custom-built OCT). 35 AC depth was defined as the distance from the posterior surface of the cornea to the anterior surface of the lens. AL was defined as the distance between the anterior surface of the cornea and the vitreous-retina interface. The configuration of the OCT was described in detail elsewhere, 36 as were the principle and the measurement process. 35 After being anesthetized, each mouse was placed in a cylindrical holder mounted on a positioning stage in front of the optical scanning probe. A video viewing system for observing the eye was used to monitor orientation and positioning. In addition, the optical axis of the mouse eye was aligned with the axis of the probe by detecting the specular reflex on the corneal apex and on the back apex of the lens in two-dimensional OCT images. Ocular dimensions were determined by moving the focal plane with the stepper motor and recording the distance traveled between two ocular interfaces. The recorded optical path length was then converted into a geometric path length by using the appropriate refractive indexes for each component of the eye. Each eye was scanned three times.
Electron Microscope
Mice were killed by an overdose of pentobarbitone sodium at P35. Three mice from each genotype group were evaluated. The anterior segment of the eye (including the cornea, iris, and crystalline lens) was cut away from the anterior scleral rim, and the vitreous body and retina were also dissected and discarded, leaving only the sclera. A 1.5-mm diameter trephine was used to punch out a tissue button from the sclera adjacent to the temporal margin of the optic disc. 16 The tissue button was immediately fixed in 2.5% glutaraldehyde with phosphate buffer (pH 7.4) for approximately 72 hours. The scleral tissue was processed further and sectioned for electron microscopic examination, as described elsewhere. 37 For transmission electron microscopy (model 7650; Hitachi, Tokyo, Japan), the scleral tissue button was equally divided into outer, middle, and inner layers (from the episclera), and five to six electron micrographs were taken from the middle layer of the sclera for each eye at ϫ30,000.
Analysis of fibril diameter and density was performed by a technician who was blind to the genotype. The diameter of fibrils was measured with image analysis software (Photoshop 10.0; Adobe Systems, San Jose, CA). Micrographs from nonoverlapping regions of the central portion of the sclera were taken from cross sections at ϫ30,000. For statistical analysis of fibril diameters, we adapted the method described by Ezura et al. 38 and Chakravarti et al. 39 in which the median of 100 to 300 diameter measurements from each micrograph was calculated and treated as one sample (WT: n ϭ 14 micrographs, KO: n ϭ 20 micrographs). Since the normality assumption was supported by the data (P Ͼ 0.05, K-S test), parametric methods were used in this analysis. To eliminate the difference in fibril number that may have affected histogram shape, we applied a percentage frequency histogram in the analysis (WT: n ϭ 1220, KO: n ϭ1897).
The mean density of the scleral fibrils was estimated by determining the number of fibril cross sections from a randomly selected area (0.4 m 2 ) in each micrograph. Fibrils showing only partial cross sections at boundaries of a counting area were excluded from analysis.
Cell Biology
Chemical Preparation. CGS21680 was first dissolved with DMSO to a concentration of 10 mM and then serially diluted with FBS-free DMEM, to obtain different concentrations. SCH58261 was dissolved in DMSO to a concentration of 1 mM, which was then diluted with FBS-free DMEM to 1 M. Dissolving and diluting were performed in the darkroom under red lights.
Cell Culture. Normal human scleral fibroblasts (HSFs) were isolated from donor eyeballs. 40, 41 The donor eyes were obtained and managed in accordance with the guidelines in the Declaration of Helsinki for research involving human tissue. The HSFs were maintained in DMEM supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin. For treatment, culture medium was replaced by serum-free DMEM, and the cells were treated for 24 hours with or without CGS21680 (1 nM to 1 M). For the group treated with both CGS21680 (1 M) and SCH58261 (1 M), the cells were incubated with 1 M SCH58261 for 15 minutes before addition of CGS21680. After treatment, the medium was harvested, and total soluble collagen concentration was determined by collagen assay (Sircol; Biocolor, Ltd., Carrickfergus, UK). The cells were harvested for determination of collagen mRNA expression.
Immunohistochemistry of A 2A Rs in HSFs. Untreated
HSFs were used for immunohistochemistry of A 2A Rs. The primary antibody was a monoclonal mouse anti-A 2A R (1:400; Upstate Biotechnology, Lake Placid, NY) ,and the secondary antibody was Cy3-conjugated goat anti-mouse (1:1500; Jackson Immunochemicals, West Grove, PA). Fluorescent images were then captured (AxioVision software; Carl Zeiss Meditec, Dublin, CA).
Real-Time RT-PCR.
Total RNA was extracted from HSF cultures (Trizol reagent; Invitrogen-Gibco, Grand Island, NY) and 0.2 g of RNA from each sample was reverse transcribed with M-MLV reverse tran-scriptase according to the manufacturer's instructions (Promega, Madison, WI). The primers were designed on computer (Primer Express 3.0 software; Applied Biosystems, Inc.
[ABI], Foster City, CA), and the sequences and product length are provided in Table 1 . PCRs were performed in a real-time PCR system (model 7500; ABI), with 2ϫ SYBR green PCR master mix (ABI). The results were normalized to the housekeeping gene GAPDH.
Sircol Collagen Assay. The total soluble collagen concentration in the cell supernatants was measured with the collagen assay kit (Sircol; Biocolor, Ltd.). 25 In brief, a 200-L aliquot of supernatant was added to 1 mL of the dye from the kit, mixed in a mechanical shaker at room temperature for 30 minutes, and centrifuged to precipitate the collagen-dye complex at the bottom of the tube. The pellet was dissolved in 0.5 M NaOH, to release the collagen-dye complex, and the concentration of collagen was determined by absorbance at 540 nm in a spectrophotometer.
Statistics
To determine significance in our comparisons of biometric measurements, we used commercial software (Prism 4; GraphPad, San Diego, CA) for two-way, repeated-measures ANOVA, with one factor, to determine the main effects (genotype and postnatal day) and their interaction. Differences between genotypes at specific postnatal days were analyzed by the Bonferroni post hoc test. For collagen fiber diameter, the difference between genotypes was analyzed by independent t-test. The data on collagen mRNA levels and soluble collagen production were analyzed by one-way ANOVA with post hoc Bonferroni tests.
RESULTS
Relative Myopia and Associated Increase in AL and VC Length from P28 to P56
Consistent with previous reports, 33, 42 the WT mice developed hyperopia over the period between P28 and P56, with greatest hyperopia at P56 (4.5 Ϯ 1.1 D, mean Ϯ SE; Fig. 1a ). A 2A R KO mice also developed hyperopia during this period, with greatest levels at P56 (2.4 Ϯ 1.6 D). A 2A R KO mice were more myopic than were the WT mice (WT: n ϭ 18, KO: n ϭ 13, main effect: F (1,135) ϭ 15.25, P Ͻ 0.001; interaction: F (4,135) ϭ 0.54, P ϭ 0.709, two-way ANOVA for repeated measurements).
Between P28 and P35, the A 2A R KO was an average of 5.1 D more myopic than were the WT littermates. Post hoc comparison revealed a significant difference between genotypes at P28 (P Ͻ 0.05, two-way ANOVA, followed by post hoc Bonferroni test).
To further characterize the ocular growth in A 2A R KO mice, we used our custom-built biometric equipment, which was specifically designed for mice, to determine the AL and other biometric parameters. AL in both genotypes increased significantly from P28 to P56. The most rapid increase took place between P28 and P42, followed by a small but significant increase during the remaining time. The AL in A 2A R KO mice was significantly longer than in WT littermates at P28 ( Fig. 1c ; two-way ANOVA for repeated measurements; main effect: F (1,125) ϭ 20.94, P Ͻ 0.001; interaction: F (4,125) ϭ 0.432, P ϭ 0.785; post hoc Bonferroni test indicated a significant difference between WT and A 2A R KO groups at postnatal day 28 (P Ͻ 0.05).
Among all AL components, only VC length declined during postnatal development. VC in both genotypes gradually decreased between P28 and P56. However, the VC was greater in the A 2A R KO mice than in the WT group (two-way ANOVA for repeated measurements; main effect: F (1,150) ϭ 63.83, P Ͻ 0.0001; interaction: F (4,150) ϭ 1.48, P ϭ 0.211). There were significant differences between the genotypes at P28 (P Ͻ 0.001, two-way ANOVA, followed by post hoc Bonferroni test), P42 (P Ͻ 0.001), P49 (P Ͻ 0.05), and P56 (P Ͻ 0.01; Fig. 1b , Table 2 ).
Normal Growth in the Anterior Segment in A 2A R KO Mice
Corneal radius of curvature in both genotypes increased rapidly during postnatal development, but was not significantly different between the two genotypes (main effect: F (1,30) ϭ 1.35, P ϭ 0.25, Fig. 2a ). Corneal radius of curvature in A 2A R KO mice increased from 1.37 Ϯ 0.006 mm at P28 to 1.49 Ϯ 0.005 mm at P56, comparable to the increase from 1.36 Ϯ 0.008 to 1.48 Ϯ 0.008 mm seen for WT littermates.
Similarly, AC depth in both genotypes increased during postnatal development. The AC in WT mice increased from To evaluate whether the development of myopia is confounded by pupil size or body weight in A 2A R KO mice, we examined both during postnatal development. Pupil size increased in both genotypes with no significant difference between them (main effect: F (1, 145) ϭ 0.123, P ϭ 0.727, Fig. 2d ). Similarly, body weight increased steadily in both genotypes during postnatal development ( Table 2) , comparable with results in a previous report, 43 with no significant difference between the two genotypes at any time point (main effect: F (1,155) ϭ 2.650, P ϭ 0.105, Table 2 ).
Myopia Associated with Thinner but Denser Collagen Fibrils in the Posterior Sclera
To investigate the possible ultrastructural basis for the development of myopia in the absence of A 2A Rs, we evaluated the fibril diameter in sclera of A 2A R KO mice and WT littermates at P35 by electron microscopy. Ultrastructural analysis revealed that the collagen fibrils from posterior scleral regions of WT mice had wider mean cross-sectional diameters than those in A 2A R KO mice (Figs. 3a, 3c ). Quantitative analysis showed that this difference in diameters was significant (WT: 69.78 Ϯ 9.20 nm, KO: 59.32 Ϯ 11.87 nm, P ϭ 0.009, independent t-test; Figs. 3b, 3d) . Consistent with the smaller diameter, the density of the scleral fibrils per square millimeter in A 2A R KO mice (173.31 Ϯ 42.26/mm 2 ) was significantly higher than in WT littermates (141.72 Ϯ 34.19/mm 2 ; P ϭ 0.02, independent ttest).
Effect of Activation of the A 2A R on Expression of mRNAs for Collagens I, III, and V and Production of Total Soluble Collagen in Cultured HSFs
To further investigate the biochemical basis for reduced scleral fibril diameter, we examined the effect of adenosine agonists and antagonists on expression of the mRNAs for collagen I, III, and V and production of total soluble collagen in cultured HSFs. We focused our analysis on types I, III, and V because they are the major types found in sclera of human and other species 14 and development of myopia has been associated with reduction of type I collagen. 15, 44 Furthermore, these collagens contribute to collagen fibril diameter during fibrillogenesis, 45 and they are regulated by A 2A R activation in hepatic stellate cells. 25 Human fibroblasts were used due to the technical difficulty of establishing mouse scleral fibroblasts and because of the possible relevance to human myopia. We first confirmed the expression of A 2A Rs in cultured HSFs by indirect immunofluorescence. We detected strong A 2A R expression in the cytosol and membrane of cultured HSFs, but not in the nucleus (Fig. 4a ). No fluorescent signal was detected when anti-A 2A R antibody was omitted from the reaction or when striatum from A 2A R KO mice was probed with the same antibody (data not shown), indicating that the staining is specific.
We treated cultured HSFs with the A 2A R agonist CGS21680 (1 nM to 1 M) in the absence or presence of the A 2A R antagonist SCH58261 (1 M) for 24 hours. As shown in Figure  4b , CGS21680 increased levels of mRNAs for collagen I, III, and V in an apparently concentration-dependent manner. At 1 M, CGS21680 significantly increased the level of collagen I, III, and V mRNAs compared with that in vehicle-treated cells (P Ͻ 0.01, one-way ANOVA, post hoc Bonferroni test). Conversely, SCH58261 (1 M) significantly decreased collagen production. Furthermore, co-treatment with the A 2A R antagonist SCH58261 also abrogated the effect of CGS21680 on collagen mRNA expression (P Ͻ 0.01, one-way ANOVA, post hoc Bonferroni test,
To further explore regulation of collagen synthesis by A 2A R, we used a collagen assay kit (Sircol; Biocolor, Ltd.) to determine the effect of A 2A R agonists and antagonists on total soluble collagen production in HSFs. 25 At 1 M, the A 2A R agonist CGS21680 significantly increased soluble collagen production in HSF compared with the vehicle-treated cells ( Fig.  4c ; P ϭ 0.04, one-way ANOVA, post hoc Bonferroni test). After treatment with 1 M SCH58261, collagen production decreased markedly to below the detection limit of the collagen assay (data not shown). Co-treatment with the A 2A R antagonist SCH58261 abrogated the effect of CGS21680 on collagen production (P Ͻ 0.01, one-way ANOVA, post hoc Bonferroni tests, Data are expressed as the mean Ϯ SE (WT: n ϭ 18, KO: n ϭ 13). Significance was determined by two-way ANOVA for repeated measurements for the main effects (genotype and postnatal day) and their interaction, followed by Bonferroni post hoc comparison to determine the difference between the genotypes at specific postnatal days. * Significant main effect (i.e. genotype) by two-way ANOVA for repeated measurements. For refraction: F (1, 135) 
DISCUSSION
Recently, three studies have shown that relative myopia can be induced in mice by targeted deletion of genes, including Egr-1, Nyx, and a double deletion of lumican and fibromodulin. 39, 46, 47 However, because of the technical limitations of biometric measurements in mice, refractive status, 39 and important biometric parameters of myopia, such as VC depth and crystalline lens thickness, were not evaluated in these studies. 46, 47 Our custom-built OCT and the EIR designed by Schaeffel et al. 34 allowed us to overcome these limitations and more accurately measure refractive status and other important biometric parameters in mice. 33, 35 Refractive error during postnatal development in mice progresses to more hyperopia, reaching a peak at P47 or P55 and then leveling off and remaining stable thereafter. 33, 42 The WT mice in our present study displayed similar trends within the time frame of the study. Of note, A 2A R KO mice were on average 5.1 D more myopic than were WT mice at P28 and P35. Detailed measurements of VC length, AC depth, and corneal curvature demonstrate that development of relative myopia in A 2A R KO mice is associated with longer AL, particularly in the VC, but not with altered corneal curvature or AC depth. These biometric changes in A 2A R KO mice closely resemble those seen in human myopia which features higher myopic diopters, longer VC depth and AL, but no change in corneal radius of curvature and lens thickness. 48 -50 In contrast to the Egr-1 mutant mice, where the result was complicated by the potential confounding effects of reduced body weight, indicating general growth impairment, 46 and WT littermates. An earlier report stated that a 0.1-mm increase in pupil size could contribute to 0.8-D hyperopia when measured with EIR. 34 Our measurements showed that pupil size was not a factor in the difference we saw between A 2A R KO and WT littermates. Furthermore, the normal development of corneal curvature, AC depth, and lens thickness strongly argue that the development of relative myopia in A 2A R KO mice is not the result of any general difference in eye growth. The refractive shift in A 2A R KO mice is also unlikely to be due to alterations in other organs and systems, because few physiological changes (with the exception of heart rate and metabolic rate 51 and basal locomotor activity 30, 52 ) have been described during postnatal development in naïve animals of this line of A 2A R KO mice. 53 Most studies, including ours, have uncovered different phenotypes in these animals after pathologic insults or stress, or in response to particular pharmacologic treatments, consistent with an important pathophysiological role of the A 2A R. The magnitude of the change in refractive status in A 2A R KO animals was comparable to that in Egr-1 KO mice. However, Egr-1 knockout mice exhibited a persistent refractive change, but only a temporary change in AL, whereas A 2A R KO mice displayed a transient refractive change but a persistent change in AL. It was speculated that additional changes in lens thickness, curvature, and power may account for the difference between refractive and AL changes in Egr-1 KO mice. 46 Our finding that WT and A 2A R KO mice have identical lens thickness suggests that this parameter is not responsible for the return to normal refractive status that we see in A 2A R KO mice. It is possible that the retarded emmetropization process may in part account for the myopic shift observed in the A 2A R KO mice. Studies of myopia induced by form deprivation or lens defocus are needed, to clarify whether the myopic phenotype in A 2A R KO mice is specifically associated with visual signals.
According to the schematic mouse eye, 42,54 1 D of change corresponds to only a 4-to 5-m change in AL. However, we found that at P28, when there is significant refractive difference between A 2A R KO and WT mice, the AL difference between the genotypes was 59 nm, significantly larger than the values predicted by the model, which predicts changes of 20 to 25 m. The reason for this discrepancy is not clear. However, it should be noted that, to date, no published study has reported AL changes and refractive errors that agree with the predictions of the mouse model eye. 46, [55] [56] [57] A possible explanation for this is that the mouse model eye was based on in vitro measurements, 42 whereas most of the published studies, including ours, present in vivo measurements. Consistent with this explanation, in two reports published by the same group, the AL reported in frozen sections 42 was larger than that measured in vivo in mice of the same age. 55 Differences between A 2A R KO mice and WT littermates in refraction and AL were apparent only in young animals. By P56, neither refraction nor AL in A 2A R KO was significantly different from those in WT. There are several possible explanations for this transient effect. It may reflect developmental changes in A 2A R expression. Although there is no information available on developmental expression of A 2A R in eye, A 2A R mRNA in the brain increases during the first 3 weeks of postnatal development and then declines slightly to adult levels. 58, 59 Thus, it is possible that A 2A R activity is at its highest level in the eye around the third postnatal week, resulting in the refractive change seen around this particular postnatal stage. Another possibility is that A 2A R activity exerts the same effect on refractive status throughout development, but other factors contribute in later development, counteracting or minimizing the effect of the A 2A R.
In contrast to the transient change in refractive status and AL, VC depth remained significantly greater in A 2A R KO than WT littermates throughout postnatal development. This difference in duration of effect is consistent with our recent finding that in hyperopic-defocus-induced myopia in the guinea pig, the defocused eyes rapidly developed toward hyperopia after removal of the defocusing lens, whereas the VC length in the defocused eyes returned toward normal much more slowly. 60 Changes in lens curvature, index, and power 42 may compensate for the longer VC depth later in development, resulting in return to normal refraction without a change in VC depth.
Current understanding of refractive development suggests that the sclera plays a pivotal role in the control of eye size and the development of myopia. 61 Thus, our finding of longer AL, particularly in the VC, led us to investigate possible alterations in scleral structure in A 2A R KO mice. The association we observed between postnatal development of relative myopia in A 2A R KO mice and ultrastructural changes in collagen fibers in the sclera is consistent with previous studies. Studies in human myopia and in animal models of myopia have demonstrated that scleral thinning, tissue loss, and reduced collagen fibril diameter are associated with ocular enlargement and development of myopia. 14, 16, [62] [63] [64] Scleral thinning is greatest at the posterior pole of the eye. Consistent with this notion, Chakravarti et al. 39 found that mice with a double mutation of lumican and fibromodulin (important regulators of scleral fibril synthesis) show certain features of high myopia including increased AL, thin sclera, and retinal detachment. Our electron microscopic examination (which provides more sensitive measurements than the thickness and dry weight used in many previous studies) revealed that collagen fibril diameter is reduced and the density of collagen fibrils is increased in the sclera of A 2A R KO mice. This finding is consistent with the reduced collagen fibril diameter observed in myopic tree shrews, 16 and highly myopic human eyes, 64, 65 as well as with the finding of increased numbers of fibril bundles across the sclera thickness in myopic tree shrews. 16 There is little information about changes in scleral collagen fibril density during postnatal development of myopia. In the fibromodulin-lumican double mutants just described, collagen fibrils with both abnormally large and abnormally small diameters are found in the sclera, whereas mice with fibromodulin mutation alone have only the abnormally small diameter collagen fibrils. However, refraction was not evaluated in these animals. 39 In one study of form deprivation in tree shrews, McBrien et al. 16 reported an increased number of small diameter collagen fibrils in the sclera after long-term form deprivation, which is consistent with findings in humans and is likely to contribute to the weakened biomechanical properties of the sclera that have previously been reported. This conclusion is in apparent agreement with our finding of increased density of collagen bundles in myopic A 2A R KO mice.
Our ultrastructural finding in A 2A R KO mice suggested a possible histologic basis for the development of relative myopia in these animals and prompted us to investigate A 2A R modulation of collagen synthesis in cultured HSFs (Fig. 4a ). 24 Consistent with the ultrastructural changes, treatment with the A 2A R agonist CGS21680 dose dependently increased collagen I, III, and V production in HSF in vitro, an effect that was blocked by the selective A 2A R antagonist SCH58261. This finding sug-gests that A 2A R activity directly affects collagen synthesis in scleral fibroblasts.
The modulation of scleral collagen by the A 2A R is also in agreement with results reported in human hepatic stellate cells and human dermal fibroblasts. 25, 28, 29, 66 In contrast with our results, an early report showed that 7-methylxanthine (7-mx), a metabolite of the nonselective adenosine receptor antagonist caffeine, increases collagen concentration and the diameter of collagen fibrils in the posterior sclera in rabbit. 67 More recently, 7-mx also was shown to reduce axial eye elongation and myopia progression in both guinea pigs and patients (Cui D, et al. IOVS 2008; 49 :ARVO E-Abstract 1736). 68 However, it was not clear which adenosine receptor was responsible for the effects seen in those studies, since there are four receptor subtypes and 7-mx is nonselective. One explanation for the discrepancy between our study and the 7-mx studies is that different adenosine receptors exert different effects on eye development. The 7-mx may block several receptor subtypes in the sclera, whereas the A 2A R KO affects only the A 2A R. Caffeine and its methylxanthine metabolites block both A 1 R and A 2A R with similar low affinities; thus, it is possible that the activity of A 1 R receptors also modulates the development of myopia, possibly by antagonizing the A 2A R effect, since A 1 R is mainly coupled to G i and inhibits adenylyl cyclase, whereas A 2A R usually stimulates adenylyl cyclase through coupling to G s proteins. 69 Another possibility is that the effects are species specific, as has been reported for other factors associated with myopia. For example, retinoic acid levels change in the opposite direction in the choroids of marmoset and chicken during induction of myopia. 70 Our biometric, histologic, and biochemical findings suggest that activation of the A 2A R is essential for normal growth of refraction, AL, and VC in mice during postnatal development, possibly through control of collagen synthesis in the sclera. Our findings raise the possibility that therapies targeting the A 2A R can modify the development of myopia. In addition, these findings invite genetic studies of A 2A R polymorphism and epidemiologic studies of human caffeine consumption as they relate to the development of myopia.
